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Multiply-interacting massive particles (MIMPs) are heavy (> 1010 GeV/c2) dark matter particles
that interact strongly with regular matter, but may have evaded detection due to the low number
density required to make up the local dark matter halo. These particles could leave track-like
signatures in current experiments, similar to lightly-ionizing particles. We show that previously
calculated limits from the MAJORANA Demonstrator on the flux of lightly-ionizing particles
can be used to exclude MIMP dark matter parameter space up to a mass of 1015 GeV/c2. We also
calculate limits from the standard XENON1T analysis in this high-mass regime, properly taking into
account flux limitations and multi-scatter effects. Finally, we show that a dedicated MIMP analysis
using the XENON1T dark matter search could probe unexplored parameter space up to masses of
1018 GeV/c2.
I. INTRODUCTION
There has been some interest in particle dark matter
with masses close to the Planck mass (1019 GeV/c2) [1–4],
though direct searches are lacking. Such heavy dark mat-
ter particles can arise from supersymmetric theories [5]
and be produced in the early universe [6–8]. Dark mat-
ter could also consist of composite objects at this mass,
such as primordial black holes [4, 9] or other composite
particles [10, 11]. However, the sensitivity of direct dark
matter detection experiments for a given exposure will
decrease linearly as the mass of the dark matter particles
increases. This is due to the fact that with a constant
local dark matter density [12], more massive individual
particles lead to a lower number density. As a result,
detection sensitivity to high mass dark matter particles
will be limited to high interaction cross-sections.
As the dark matter-nucleon cross-section increases, the
likelihood will also increase that a particle interacts more
than once as it passes through the experiment. Events
with scattering multiplicity larger than one are typically
not considered as signal candidate events searches due to
the typically expected cross-sections being low. Searching
for such multiple-scatter events will allow dark matter
detectors to access a wider parameter space, both at
higher masses and higher cross-sections. Particles that
interact in this manner can be called Multiply-Interacting
Massive Particles, or MIMPs [1]. At masses much higher
than the mass of a nucleus, MIMP-nucleus scattering will
result in a negligible change in the MIMP’s momentum
due to its large kinetic energy. Therefore, MIMPs will
travel in a straight path through matter, despite any
number of scatters.
Searches for lightly ionizing particles, such as those per-
formed by CDMS-II [13] or the MAJORANA Demon-
strator [14], are specifically targeting such multiple scat-
ter events. These searches did not find any excess events
in their region of interest. This provides an opportunity
to set limits on MIMP dark matter with experiments
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that have already been carried out, by reinterpreting the
results of these searches. In this study, we determined the
signature of a multiple-scatter dark matter event in both
the MAJORANA Demonstrator and the XENON1T
experiments, using the local dark matter halo properties
and the geometry of the detectors. These experiments
were chosen since they hold the most sensitive results for
lightly-ionizing particles [14] and WIMP dark matter [15]
respectively. We used these multiple-scatter signatures
to set limits on the interaction cross-section and mass of
dark matter particles up to 1018 GeV/c2.
II. PROCEDURE
The MAJORANA Demonstrator is a low-
background rare-event search located at the Sanford Un-
derground Research Facility, employing a total of 57 point-
contact germanium detectors to search for rare events,
primarily from neutrinoless double-beta decay [16]. The
germanium detectors are organized into towers of three
to five units, and fourteen towers are assembled into two
hexagonal modules. Figure 1 shows the general setup
of one of the two detector modules. These modules are
enclosed within a two-inch thick plastic scintillator muon
veto to monitor for through-going muons [17].
The MAJORANA Demonstrator was used to
search for lightly ionizing particles [14] by targeting coin-
cident energy depositions between more than one detec-
tor unit within its detector modules, as lightly-ionizing
particles will pass through the detector depositing small
amounts of energy along their path. Zero candidate events
were observed with a detector unit multiplicity of 4-6, in
an exposure of 285 days of data taking [14].
An equivalent signature would be seen from heavy parti-
cles (> 1010 GeV/c2) with a high cross-section, that would
not lose significant momentum even when colliding with
many atoms along their path. The coincidence window
used by the MAJORANA Demonstrator (4 µs) [14]
is long enough such that a dark matter particle moving
at O(100) km/s would cross the full detector within one
coincidence window, and would be observed within the
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2FIG. 1. An example of a simulated MIMP track through
one of the MAJORANA Demonstrator detector modules.
This track has passed through three of the thirty detector
units (highlighted in dark red). Such simulated tracks are
used to determine the energy deposited by MIMPs entering
the detector.
dataset.
We simulated MIMP events to determine the sensitivity
of the MAJORANA Demonstrator to MIMP dark
matter. Standard WIMP halo model values [18] were
assumed for the local MIMP density and velocity distribu-
tion. The geometry of the MAJORANA Demonstra-
tor detector array and exposure times were taken from
[19]. Straight tracks were simulated with an isotropic
distribution through the detector. These tracks were
used to determine the detector unit multiplicity, and the
path length through each unit. An example simulated
track passing through one module of the MAJORANA
Demonstrator is shown in Figure 1, with the displayed
event having triggered three of the thirty detector units
in the module.
For a given MIMP mass, a number of MIMPs are sim-
ulated using Poisson statistics according to the expected
flux of dark matter during the exposure. Then, the path
travelled by each MIMP through the detector is simu-
lated, and a number of interactions within each detector
unit is simulated using the MIMP-nucleon cross-section.
For each collision , the amount of energy deposited is
simulated according to the kinematics between the MIMP
mass and nuclear mass, and then converted to an effective
energy deposition using the nuclear quenching factor from
the Lindhard model [20], which has been shown to agree
well with observations in germanium down to low ener-
gies [21]. A detector unit is considered triggered if the
deposited energy exceeds the per-unit energy threshold,
which varies per detector unit between 0.8 and 2 keV [14].
As the crossing time of a particle is shorter than the
coincidence window, all interactions that occur within
a detector unit will contribute to the total amount of
deposited energy for that event.
The MAJORANA Demonstrator employs a plastic
scintillator muon veto around the detector arrays. In
the lightly-ionizing particle search, any event within one
second of an energy deposition greater than 1 MeV in
the muon veto was removed. If the MIMP-nucleon cross-
section is sufficiently high, then a MIMP will deposit
enough energy within the muon veto to cause a trigger,
and such events would have been removed. This means
that the search considered here did not have sensitivity to
particles that deposit an energy above 1 MeV in the muon
veto, which corresponds to particles with cross-sections
> 10−25 cm2.
In addition to the MAJORANA Demonstrator,
limits for the currently leading WIMP detection experi-
ment XENON1T [15] were also simulated using the same
procedure, but with the XENON1T geometry. This was
done both to verify the limits set by this detector at such
high masses, which are not usually considered in a WIMP
search, as well as to determine what a dedicated multiple
scatter search could yield in terms of sensitivity in this
parameter range. Since XENON1T is a monolithic liquid
xenon detector instead of a modular germanium detec-
tor, the detection strategy would need to be adjusted for
events with high multiplicity. With the ability of a xenon
time projection chamber to resolve individual interaction
vertices, MIMP track-like events could be searched-for
by looking for events with high multiplicity, oriented in
a straight line. Since neutron and gamma interactions
can also interact multiple times within the detector, one
could select for events with high multiplicities to obtain
a purer MIMP sample at the expense of sensitivity.
III. RESULTS AND DISCUSSION
Figure 2 shows the results obtained from our simu-
lations, as well as previous results from astrophysical
constraints [22], high altitude particle detectors [23, 24]
and the DAMA collaboration [25] corrected for saturated
overburden scattering [1]. These limits are shown in the
MIMP-nucleon cross-section vs. MIMP mass parameter
space to allow comparison between different detector ma-
terials. We have chosen to display the results starting
at MIMP masses above 1011 GeV/c2for clarity, but these
limits could be extended to lower masses.
Limits from astrophysical constraints are primarily de-
rived from scattering off of hydrogen, whereas the particle
detectors use different nuclei that benefit from an ∝ A4 in-
crease in the scattering cross-section due to coherence [1].
Recently it was pointed out that this ∝ A4 scaling does
not apply for point-like particle dark matter above cross-
sections of 10−31cm2 [28], though it could be applied to
composite dark matter candidates. However, a full treat-
ment of coherence of dark matter-nucleus scattering at
such large cross-sections is currently lacking. Therefore,
3FIG. 2. Excluded regions in the parameter space of MIMP-
nucleon cross-section vs. MIMP mass from various sources [26,
27], as well as the limits calculated here from the MAJO-
RANA Demonstrator (red) and XENON1T (cyan).
FIG. 3. The possible sensitivity curves for a dedicated MIMP
analysis of the XENON1T dark matter search data, considering
events with scattering multiplicities greater than 3 (dashed),
greater than 10 (dash-dot), and greater than 50 (dotted).
to compare with other experiments and with previously
published limits, we have chosen to display the results as-
suming the convention of A4 scaling. Without correcting
for this coherent enhancement in each different nucleus,
the results from different experiments cannot be directly
compared without assuming a certain model. The uncer-
tainty in the scaling of the cross-sections highlights the
value in carrying out experiments with different target
materials to support and corroborate with existing limits.
The region excluded by XENON1T differs from regions
claimed previously [29], since our treatment takes into
account that the normal WIMP search strategy does not
consider events with multiplicity greater than one. For
the XENON1T detector, using the density of liquid xenon,
the mean free path of a MIMP becomes equal to the size
of the detector (∼1 m) once the cross-section exceeds
10−29 cm2. This leads to the result that the XENON1T
WIMP analysis loses sensitivity at these cross-sections,
as shown in Figure 2.
The region excluded by the MAJORANA Demon-
strator reaches to higher cross-sections than probed by
the XENON1T experiment, due to the dedicated search
for tracks. The upper limit of this region is determined
by the muon veto, which would have been triggered by
MIMPs with higher cross-section.
Figure 3 shows the exclusion regions calculated in this
study, with additional lines to show the possible sensi-
tivity of a dedicated MIMP analysis of the XENON1T
exposure. Each line shows the lower limit of sensitiv-
ity for a search for multiple interaction events with a
certain minimum multiplicity, assuming no background
events. This analysis would not have the same constraint
on the upper bound of the region as the MAJORANA
Demonstrator due to the XENON1T muon veto being
a water Cherenkov detector [30]. The MIMPs are not
charged, and thus would not trigger the XENON1T muon
veto. This would allow such a study to reach much higher
cross-sections than previously, limited only by the scat-
tering of the MIMPs with Earth above the underground
detector [29].
IV. CONCLUSION
Multiply-interacting, heavy dark matter particles are
a new region of interest in dark matter direct detection.
These types of particles are motivated by theory, but the
relevant parameter space is difficult to access and requires
dedicated analyses. By reinterpreting the lightly ionizing
particle search of the MAJORANA Demonstrator as
limits on strongly interacting dark matter, we ruled out
previously un-probed parameter space. In addition, the
limits that have been set by XENON1T were verified in
this high mass region of parameter space. A dedicated
XENON1T MIMP analysis using existing data would be
able to push this sensitivity region much higher.
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